Abstract. Interleukin (IL)-22 has either proinflammatory or tissue-protective properties, depending on the nature of the affected tissue and the local cytokine milieu, including the presence or absence of IL-17A co-expression. We have previously demonstrated that IL-22 has critical antiinflammatory and antiviral roles in mice with coxsackievirus B3 (CVB3)-induced acute viral myocarditis (AVMC) in the presence of IL-17A. However, whether IL-17A determines the function of IL-22 in AVMC remains unknown. Therefore, the present study, in continuation of our previous investigations, aimed to determine whether IL-22 plays a distinctly different role in the absence of IL-17A in AVMC by using IL-17A-deficient mice. Results demonstrated that the neutralization of IL-22 in IL-17A-deficient mice alleviated the severity of myocarditis. This was demonstrated by the lower pathological scores of heart sections and ratios of heart weight/ body weight (HW/BW), reduced production of activator of transcription 3 (STAT3) and proinflammatory cytokines TNF-α and IL-6, followed by increased viral replication and decreased levels of the antiviral cytokine IFN-γ. Furthermore, the correlation between cardiac CVB3 RNA and IL-22 mRNA or IFN-γ mRNA was negative. In conclusion, IL-22 exacerbated the severity of AVMC and restrained viral replication in the absence of IL-17A. Spleen lymphocytes cultured with recombinant IL-17 (rIL-17) increased the production of IL-22. Combined with our previous data, these results indicate that IL-17A is not involved in regulating the antiviral role, however, may mediate the tissue-protective versus pathogenic properties of IL-22 in CVB3-induced AVMC in mice.
Introduction
Acute viral myocarditis (AVMC) is characterized by virus-triggered myocardial inflammation, followed by an autoimmune response, and leads to a significant minority of dilated cardiomyopathy (DCM) cases (1) . Myocarditis causes 4-20% of sudden cardiovascular-associated deaths among young adults, the military and athletes (2) .Viral infections, including coxsackievirus B3 (CVB3), are the most commonly identified cause of myocarditis in developed countries and are able to induce myocarditis and DCM in animal models (2, 3) . An excessively activated immune response triggered by the virus was considered to be the dominant cause of myocyte injury in AVMC, particularly T-cell activation and the secretion of numerous proinflammatory/protective cytokines. Cytokine-based therapy has been considered an important strategy in the treatment of AVMC (4) (5) (6) . Recently, identification of the interleukin (IL)-23/Th17 axis in the pathophysiology of AVMC has shifted the cytokine paradigm from Th1 to Th17 cytokines and is mainly focused on IL-17A (5, 6) .
IL-17A, a cytokine predominantly produced by Th17 cells, was identified as important in the pathogenesis of AVMC. The critical proinflammatory role of this cytokine and its contribution to CVB3 replication in AVMC is well documented (5, 6) . IL-22, a member of the IL-10 family of cytokines, has received increasing amounts of attention and is currently widely investigated. IL-22 is an important cytokine, derived from multiple cells of the innate and adaptive immune system, including but not limited to Th22, Th1 and Th17 and CD8 + T, γδT and NK cells (7, 8) . IL-22 stimulation of IL-22 receptorexpressing cells results in the activation of its downstream signals, including signal transducers and activator of transcription 3 (STAT3) signaling pathways, namely the IL-22/STAT3 pathway (8) (9) (10) . A large number of murine and human studies have demonstrated that IL-22 provides a unique contribution to tissue inflammation, immune responses and viral infection and has proinflammatory and tissue-protective properties, depending on the context in which it is expressed (8, (11) (12) (13) . In different stages of disease development, IL-22 has shown opposing short-and long-term effects (14, 15) . The biological activities of IL-22 are complex and this has caused it to be described as 'a sheep in wolf's clothing' (16) . Furthermore, IL-22 is involved in IL-17-mediated diseases and the signaling pathways of these two cytokines may synergize to induce the expression of anti-inflammatory factors (8) (9) (10) (11) (12) (13) (14) (15) (16) . More specifically, the proinflammatory properties and tissue-protective functions of IL-22 were regulated by IL-17A in airway damage and inflammation (17) . These data indicate that the differential temporal and spatial co-expression of IL-17A and IL-22 may underlie the conflicting results for the biological effects of IL-22 in distinct disease models. This may offer selective therapeutic potential in the treatment of IL-17A and IL-22-associated inflammatory diseases.
IL-22 has been considered an ideal therapeutic candidate since it specifically affects tissue responses without having direct effects on the immune response (8) . Our previous study conducted on wild-type (WT) mice demonstrated the existence of a specific pattern of IL-22 cytokines in CVB3-induced AVMC (18) . Furthermore, neutralization of IL-22 in vivo exacerbated the severity of AVMC and promoted cardiac viral replication, which highlights the anti-inflammatory and antiviral roles of IL-22 in the pathogenesis of myocarditis in the presence of IL-17A. However, whether IL-17A contributes to the tissue-protective role of IL-22 in the development of AVMC remains to be elucidated. The present study, in continuation of our previous investigations, aimed to determine whether IL-22 plays a distinctly different role in the absence of IL-17A in AVMC by using IL-17A-deficient mice (IL-17A -/-).
Materials and methods
Mice. Specific pathogen-free male IL-17A-deficient mice on the BALB/c background (designated in the present study as IL-17A -/-), aged 6 weeks, were provided by Dr Yoichiro Iwakura (Center for Experimental Medicine and Systems Biology, the Institute of Medical Science, the University of Tokyo, Tokyo, Japan) (19) . All animals were kept in a pathogen-free mouse room in the Experimental Animal Center (Guangxi Medical University, Nanning, China). Experiments were carried out in accordance with protocols approved by the Guangxi Medical University Animal Ethics Committee.
Virus. CVB3 (Nancy strain from the Institute of Immunology of Guangxi Medical University) was maintained by passage through HEp-2 cells. A plaque-forming unit (PFU) assay was used to determine that the virus titer was 1x10 8 . CVB3 was diluted in PBS (Solarbio Science & Technology Co., Ltd., Beijing, China). BALB/c mice were infected by an intraperitoneal injection (i.p.) of 100 µl PBS containing ~10 6 PFU CVB3 to establish the AVMC models.
Neutralization of IL-22 in IL-17A
-/-mice. For in vivo IL-22 neutralization, a total of 32 IL-17A -/-mice were randomly divided into four groups: Mice in the AVMC group were injected with CVB3 and PBS (50 µg per mouse, n=8); in the anti-IL-22 Ab group, mice were administered with CVB3 and anti-IL-22 Ab (AF582; 50 µg per mouse; R&D Systems, Inc., Minneapolis, MN, USA; n=8); IgG control group, mice were injected with CVB3 and normal IgG control (AB-108-C; 50 µg per mouse; R&D Systems; n=8); and in the normal group, IL-17A -/-mice received no treatments (n=8). The day of intraperitoneal injection was defined as day 0. All surviving animals were sacrificed on day 14 after CVB3 infection. The ratios for heart weight/body weight (HW/BW) were recorded. Blood was collected and the serum was prepared for analysis. Hearts and spleens were removed aseptically as fresh specimens for analysis.
Histopathology. The ventricular tissues of the hearts were fixed in 10% formalin and embedded in paraffin. After the entire length of the heart was sectioned (5 µm) and stained with hematoxylin and eosin (H&E), histopathological changes were observed using light microscopy (Nikon Eclipse E800 Microscope, Kawasaki, Kanagawa, Japan). The pathological scores of heart tissues were graded as follows: a score of 0 was assigned for no inflammatory infiltrates, 1 for a small foci of inflammatory cells between myocytes or inflammatory cells surrounding individual myocytes, 2 for a larger foci of 100 inflammatory cells or involving at least 30 myocytes, 3 when 10% of a myocardial cross-section was involved or 4 if 30% of a myocardial cross-section was involved (20) . The assessment was separately scored by two independent pathologists in a blinded manner.
Preparation of spleen lymphocytes and cell cultures.
Spleens from AVMC mice were collected aseptically. After mincing, splenic cells were gently dispersed through a nylon mesh into a single-cell suspension. The lymphocyte fractions of the splenic mononuclear cell suspensions were obtained by Ficoll-Paque (Solarbio Science & Technology Co., Ltd.) gradient centrifugation and washed twice with PBS. Lymphocytes from each spleen were divided into 2 groups and cultured in a total volume of 300 µl for 48 h in triplicate wells (5x10 5 cells/well) of a 96-well culture plate, in RPMI-1640 supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), 10% fetal bovine serum (Gibco-BRL, Carlsbad, CA, USA) and phytohaemafflutinin (PHA; 10 µg/ml; Sigma-Aldrich, St. Louis, MO, USA) at 37˚C and 5% CO 2 , in the absence or presence of the recombinant mouse IL-17 (rIL-17; 25 ng/ml; R&D Systems). Cells were collected and used in real-time polymerase chain reaction (RT-PCR), while the culture supernatants were assayed by ELISA.
Plaque-forming assay. Viral titers were determined using a standard plaque formation assay and results were expressed per organ weight (g). A section of the heart tissue was weighed and homogenized in 2 ml PBS. The supernatant was absorbed and sequentially diluted 10-fold in RPMI-1640 medium after three freeze-thaw cycles and centrifugation at 500 x g for 10 min. The HeLa cell monolayers were incubated with the supernatant for 1 h at 37˚C and 5% CO 2 in six-well plates, washed in PBS and covered with 2 ml of 0.4% agar, DMEM and 5% FCS. The monolayers were fixed in paraformaldehyde and stained in crystal violet after cultivation for 72 h and the number of plaques were counted.
RT-PCR.
The total RNA of homogenized heart tissue and cellular RNA of the cultured lymphocytes was extracted with TRIzol ® reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription into cDNA was carried out using a Reverse Transcription kit (Fermentas, Vilnius, Lithuania), according to the manufacturer's instructions. RT-PCR was performed with an ABI 7500 Sequence Detection System using SYBRGreen (Applied Biosystems, Foster City, CA, USA). An initial denaturation step for 3 min at 94˚C, 35 cycles of denaturation at 94˚C for 30 sec, annealing at 60˚C for 30 sec and extension at 72˚C for 60 sec were carried out. The relative gene expression levels were normalized to the level of β-actin transcripts and quantified using the ΔΔCT method. Each reaction was carried out in triplicate. Primers for IL-22, IFN-γ, TNF-α, IL-6, CVB3, STAT3 and the housekeeping gene β-actin were designed by Primer Premier 5.0 (Table Ⅰ) .
Western blot analysis. The total proteins were extracted according to the manufacturer's instructions. Protein concentrations were determined using a BCA protein assay kit (Beyotime Institute of Biotechnology, Shanghai, China). Equal amounts of denatured sample protein (50 µg) were separated in 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane. After blocking with 6% non-fat dry milk in Tris-buffered saline containing 0.1% Tween-20, the membranes were treated with anti-phospho-STAT3 (p-Y705-STAT3; 1:12,000; Abcam, Cambridge, MA, USA) and glyceraldehyde phosphate dehydrogenase (GAPDH; 1:10,000; Kang Chen Bio-tech, Shanghai, China) antibodies overnight at 4˚C and exposed to the corresponding HRP-conjugated goat anti-rabbit IgG (1:5,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 1 h at room temperature. Labeled bands were detected using an enhanced chemiluminescence detection kit (BestBio Inc., Shanghai, China) and analyzed using the Image Lab 2.0 analysis system (Bio-Rad Laboratory, Hercules, CA, USA). The intensity of phosphor-STAT3 (p-STAT3) bands was normalized to the levels of GAPDH.
Cytokine assay. ELISA was performed to determine the cytokine content in serum or cell culture supernatants. The Quantikine Mouse IL-22 Immunoassay (Cat. No. 436307, Biolegend, San Diego, CA, USA) was used to detect the levels of IL-22. The minimal detectable concentration was 5 pg/ml. No cross-reactivity was observed during detection. Samples were measured in triplicate.
Statistical analysis. Data were expressed as the mean ± standard deviation (SD). For statistical analysis, differences between the mean values were tested by Student's t-test or ANOVA, using SPSS 17.0. Correlations were determined by Spearman's rank correlation coefficients. The Mann-Whitney U test was carried out for the differences between pathological scores. P<0.05 was considered to indicate a statistically significant difference.
Results

Neutralization of IL-22 in IL-17A
-/-mice alleviated the severity of myocarditis. No mice died in the normal, AVMC, anti-IL-22 Ab or IgG control groups until day 14. With the exception of the normal group, inflammatory cell infiltration or necrotic lesions and visible clinical signs of myocarditis were observed in the AVMC, anti-IL-22 Ab and IgG control groups ( Fig. 1A and B) . Data showed that injection of IL-22 neutralizing antibodies alleviated the severity of myocarditis. The pathological scores of heart sections from mice receiving anti-IL-22 Ab (1.48±0.18) were lower than those in mice in the AVMC (2.12±0.37) and IgG control (2.08±0.29) groups (all P<0.01). Compared with the AVMC and IgG control groups, significantly decreased values for HW/BW were observed in the anti-IL-22 Ab group ( Fig. 1C ; all P<0.01). With regard to the pathological scores and ratios of HW/BW, no significant difference was observed between the AVMC and IgG control groups (P>0.05).
-/-mice promoted viral replication. On day 14, the levels of cardiac CVB3 titers (values expressed in PFU/g) were 0 in the normal, (9.17±2.22)x10 3 in the AVMC, (1.08±0.15)x10 5 in the anti-IL-22 Ab and (9.13±2.30) x10 3 in the IgG control groups. Data revealed that the levels of cardiac viral titers were elevated significantly in the anti-IL-22 Ab group compared with the normal, AVMC and IgG control groups (all P<0.01). At the same time-point, the relative expression levels of cardiac CVB3 RNA in the anti-IL-22 Ab group were higher than those in the normal, AVMC and IgG control groups (all P<0.01). Cardiac CVB3 RNA was not detected in the normal group. Differences in CVB3 titers and cardiac CVB3 RNA expression levels between the AVMC and IgG control groups were not statistically significant ( Fig. 2A  and B) .
-/-mice decreased the production of TNF-α, IL-6 and IFN-γ. Compared with the normal group, an increased production of TNF-α, IL-6 and IFN-γ was observed in the AVMC, IgG control and anti-IL-22 Ab groups (Fig. 2C-E) . Compared with the AVMC and IgG control groups, lower expression levels of cardiac TNF-α, IL-6 and IFN-γ mRNA were observed in the anti-IL-22 Ab group (all P<0.05) on day 14 postinjection. With regard to the levels of TNF-α, IL-6 and IFN-γ genes, no significant changes were observed between the AVMC and IgG control groups (all P>0.05). It was determined that the cardiac IL-22 mRNA was correlated negatively with the CVB3 RNA (R=-0.805, P<0.01; Fig. 2F ).
Neutralization of IL-22 in IL-17A -/-mice decreased the levels of IL-22 and STAT3.
Compared with the normal group, an increased production of serum IL-22 and cardiac IL-22 mRNA was observed in the AVMC, anti-IL-22 Ab and IgG control groups (all P<0.01; Fig. 3A and B) . However, compared with the AVMC and IgG control groups, anti-IL-22 Ab markedly decreased the expression levels of circulating IL-22 and cardiac IL-22 (all P<0.05) on day 14 postinjection. A negative correlation was established between cardiac IL-22 mRNA and CVB3 RNA (R=-0.825, P<0.01; Fig. 3C ). Furthermore, decreased expression levels of cardiac STAT3 mRNA and p-STAT3, analyzed by RT-PCR and western blot analysis, respectively, were observed in the anti-IL-22 Ab group (all P<0.05; Fig. 3D-F) . For IL-22 and STAT3, no significant difference was observed between the AVMC and IgG control groups.
rIL-17 increased the production of IL-22 and IL-6.
To assess the effect of IL-17 on IL-22 production, spleen lymphocytes of AVMC from IL-17A -/-mice were incubated for 24 h with PHA and 25 ng/ml rIL-17 (R&D Systems). Compared with those cultured with PHA only, data showed that the addition of rIL-17A to spleen lymphocyte cultures resulted in a significantly increased level of the IL-22 protein in culture supernatants and an upregulation of IL-22 mRNA in spleen lymphocytes ( Fig. 4A and B ; all P<0.01). Furthermore, a significant increase in the mRNA expression levels of IL-6 was observed in the rIL-17A + PHA group in comparison with the PHA only group (Fig. 4C; P<0 .01).
Discussion
The secretion of numerous proinflammatory or protective cytokines is important in the pathogenesis of AVMC (4) (5) (6) . Our previous study demonstrated that IL-17A and IL-22 responses were developed in CVB3-induced AVMC and characterized the myocardium-protective and antiviral roles of IL-22 in the presence of IL-17A (18) . Enhanced co-expression of these two cytokines suggested that they may have a functional interaction. Studies conducted on the mouse model of intestinal intracellular parasites showed that the concurrent neutralization of IL-17A and IL-22 resulted in a reduction in infection-induced body weight loss, while the neutralization of IL-22 alone had no effect on body weight loss (21) . Furthermore, Liang et al and Aujla et al observed synergy between IL-22 and IL-17A after infection with the pulmonary pathogen K. pneumonia, 
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which promoted the production of inflammatory mediators and antimicrobial peptides (22) and contributed to the host defense after pulmonary infection (23) . However, administration of exogenous IL-22 alone was not enough to promote neutrophil recruitment to the airway (24) . On the basis of these results, it is possible that IL-17A contributes to the tissue-protective and antiviral properties of IL-22 in AVMC, therefore, we carried out the present study using IL-17A knockout mice. Notably, in the present study, neutralization of IL-22 in the absence of IL-17A improved measures of the severity of AVMC, which was verified by lower values of HW/BW and pathological scores of heart sections and the decreased production of cardiac proinflammatory cytokines IL-6 and TNF-α. These results and those from our previous studies (18) indicate that IL-22 appears to confer anti-inflammatory properties in a murine model of AVMC in the presence of IL-17A, whereas in the absence of IL-17A, IL-22 was no longer protective and instead conferred a proinflammatory and pathological outcome. By contrast, previous observations have shown that bleomycin induces acute tissue damage and airway inflammation (17) , which indicates that IL-17A and IL-22 acted synergistically to promote inflammation, while IL-22 had tissue-protective functions in the absence of IL-17A. Our experiment demonstrates opposite data, where IL-17A prevented the proinflammatory properties and promoted the tissue-protective functions of IL-22, adding another layer of complexity to these cytokines. The first possible explanation for these observations may be that IL-17R and IL-22R expression are not overlapped. IL-17R is expressed in the tissues and cells of immune system (25, 26) and IL-17 activates T cells and other immune cells to produce a variety of cytokines, chemokines and cell adhesion molecules (27) . By contrast, IL-22R is expressed in the tissues but is absent from cells of a hematopoetic origin. Thus, IL-22 acts as a middle-man between the immune system and its environment (8) . The presence or absence of direct immune response activation by IL-17 may determine whether IL-22 alleviates or exacerbates the severity of AVMC. Secondly, STAT3, the important downstream signal protein of IL-22 (8) (9) (10) , regulates a wide range of biological processes (28) . In addition to our published data (6), the detection of enhanced levels of IL-22 and STAT3 in mice infected with CVB3 and the blockade of IL-22 causing a decrease in the amount of STAT3 in the present study suggests the importance of the IL-22/STAT3 pathway in the pathogenesis of AVMC. A number of studies have demonstrated the complex interactions between STAT3 and the downstream signal molecules of IL-17, including NF-κB (29) . This interplay between IL-17A and IL-22 signaling pathways may regulate the production of inflammatory cytokines, including IL-6 and TNF-α, to determine the balance between pathological versus tissue-protective outcomes. Therefore, although further investigation is required, cytokine receptors and the signaling pathways of IL-17A and IL-22 may affect the functional properties of IL-22 and provide possible explanations for the distinct roles of IL-22 in murine models of AVMC.
Notably, cardiac CVB3 RNA was correlated negatively with the cardiac IFN-γ and IL-22 mRNA and the upregulation of viral replication was observed in the anti-IL-22 Ab group. Additionally, we identified a lower amount of cardiac IFN-γ, the vital Th1 cell cytokine, in the anti-IL-22 Ab group, which is consistent with our earlier observation that the number of IL-22-producing Th22 cells was correlated positively with the number of IFN-γ-producing Th1 cells in mice infected with CVB3 (18) . Th1 responses have been demonstrated to protect against viral replication and prevent chronic myocarditis/DCM and increase acute inflammation, particularly in males (30) . Thus, the decreased production of the IFN-γ gene, which may be modulated by the IL-22/STAT3 pathway, is a possible explanation for our observation that the enhancement of viral replication is followed by a decrease in acute cardiac inflammation, rather than an increase in myocarditis. These results also suggest that cardiac inflammation is not positively correlated with viral replication, since either virus-specific or immune responses also contribute to myocarditis. For instance, T-cell-deficient mice develop minimal cardiac injury despite high virus titers in the heart (30, 31) . Together with our earlier studies, results of the present study indicate that IL-22 has an important antiviral function in AVMC microenvironmental conditions, independent of IL-17A.
Our published studies have demonstrated a positive correlation between IL-22-producing Th22 and IL-17-producing Th17 cells in WT mice (18) . With regard to the serum levels of IL-22 in mice infected with CVB3, we observed lower amounts of IL-22 in IL-17A -/-mice compared with WT mice (18) . Data indicated that IL-17 may contribute to the production of IL-22 in AVMC in vivo. Therefore, we investigated the contribution of IL-17 to IL-22 in vitro and demonstrated that rIL-17 was able to enhance the mRNA expression and protein secretion of IL-22 in spleen lymphocytes, in addition to IL-6. The main explanation for this observation was that IL-17 induces the expression of IL-6, which is important for the differentiation and proliferation of IL-22-producing Th22 cells (32) . Pertinent to our data, previous studies have observed increased IL-22 mRNA levels in the absence of IL-17A in mouse models of colitis (33) or decreased IL-22 mRNA levels in splenocyte cultures with the addition of exogenous IL-17A (34, 35) . This discrepancy may be explained by a disease-specific difference in the role of IL-17A in regulating the production of IL-22.
A number of limitations should be noted in the present study. Firstly, the biological activity, affinity and/or potency of IL-22 antibodies in vivo are uncertain. The administered dose of anti-IL-22 Ab may not be able to completely antagonize the circulating IL-22 in vivo. Secondly, the exact mechanisms by which IL-17A regulates the proinflammatory or anti-inflammatory properties of IL-22 in AVMC remain unclear. Further studies with regard to this may be conducted in the future to clarify the complicated interactions among their downstream signaling pathways.
In conclusion, the present study furthers our previous findings and provides preliminary evidence for demonstrating the critical pathological and antiviral roles of IL-22 in AVMC, in the absence of IL-17A. To the best of our knowledge, in combination with our previous studies, our data provide the first demonstration that IL-17A is unable to govern the antiviral role of IL-22, although it is able to regulate the proinflammatory or tissue-protective properties and expression levels of IL-22, thereby determining the functional consequences of IL-22 in the pathogenesis of CVB3-induced AVMC. Our observation indicates that elucidation of the roles of IL-22 and the mechanisms of local cytokine dependency, including IL-17A, is likely to aid the understanding of the pathophysiology of IL-22-associated infections, inflammation and immune responses.
